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Improved Thin Film Piezoelectrics for Actuator Applications

ABSTRACT

Thin film piezoelectrics for microelectromechanical systems offer large motions, often
with low hysteresis, high available energy densities, as well as high sensitivity sensors with wide
dynamic ranges, and low power requirements. Among ferroelectric films, the majority of the
MEMS sensors and actuators developed have utilized lead zirconate titanate (PZT) films as the
transducer. Randomly oriented PZT films show piezoelectric e3¢ coefficients of about — 6 to 7
C/m” at the morphotropic phase boundary. It has recently been suggested that these coefficients
are suppressed by Zr/Ti compositional gradients within the films. Consequently, the goal of this
exploratory program was to prepare PZT films with different levels of compositional uniformity
via chemical solution deposition, and quantify the resulting dielectric and piezoelectric constants
of the films. Four different solution methods were examined. It was determined that published
methods for reducing compositional gradients in PZT films were not straightforward to
reproduce. Significantly better piezoelectric coefficients were obtained by using {001} oriented
PbTiO; buffer layers to prepare {001} oriented PZT films. The net result is that it was possible
to double the es; ¢ coefficient to -12 C/m%. The resulting thin films will enable lower voltage
MEMS actuators as well as improved sensor and energy harvesting systems.



STATEMENT OF THE PROBLEM
Introduction

The field of MEMS is a large and growing one, with numerous means reported for both
sensing and actuation on-chip. Given the plethora of mechanisms by which the environment can
be detected and/or useful responses made, it is worth considering the impetus for integrating
piezoelectric thin films into MEMS devices (i.e. what advantages offset the need to introduce
new materials into the cleanroom environment?). As usual, the answer to such a question
depends significantly on the device or function in question. However, a couple of attributes
come to the fore in promoting the use of piezoelectric devices in MEMS applications. These
include:

1) The ability to perform large amplitude actuation with lower drive voltages and low
hysteresis. The preponderance of MEMS literature utilizes electrostatic actuation of
flexural structures. Electrostatics is relatively easy to implement, and offers the
possibility of large amplitude actuation, though typically at the cost of large driving
voltages and substantial hysteresis. Current-based actuation approaches, such as those
utilized in many thermal and magnetically driven devices, typically require high power to
operate, and in some cases are inherently slow (e.g. due to thermal time constants). In
contrast, the piezoelectric effect can be utilized to drive large displacements in MEMS
structures at modest voltages, low powers, and with low hysteresis.

2) Piezoelectric sensors do not require power themselves (although of course any associated
electronics such as charge or voltage amplifiers, etc, will need to be powered). As a
result, piezoelectric MEMS are interesting for low power requirement sensors. Indeed, in
situations where the sensor is operated only on an intermittent basis, it is also possible to
visualize using any such sensor in a mechanically noisy environment as a power source
the remainder of the time. Such energy harvesting schemes have been implemented in
bulk and thick film piezoelectrics [*"""""]. Moreover, as sensors, it is possible to design
piezoelectric devices with broad dynamic range and low noise floors.

3) The fact that piezoelectricity shows good scaling with size. That is, the energy density
available for actuation remains high, even as device sizes drop. Poor scaling is, of
course, one of the principal reasons that electromagnetic motors are not attractive at
MEMS size scales.

4) The straightforward ability to provide electrical signals to drive or sense the device.
Much like the case of electrostatics, piezoelectrics need only electrical contact for sensing
or actuation. From the point of view of electronic circuit design, piezoelectric elements
are CMOS compatible. The resulting signals are easily processed on chip.

Thus, there are some application areas where integration of piezoelectric films into the
device becomes practical. Considerable progress has been made in this area over the last 20
years, with devices such as filters, micromotors, micropumps, micro-sonar arrays, scanning force
microscopy tips, accelerometers, etc. [V *] having been demonstrated. The Trolier-
McKinstry group has been working for >15 years on the deposition, characterization, and
integration of piezoelectric thin films into MEMS devices (See Fig. 1).



Important Piezoelectric Coefficients for MEMS

The parameters needed to describe the piezoelectric effect are the strain tensor X;, the
stress tensor oj, as well as the electric field E; and the electric displacement field D; vectors.
Piezoelectricity is the linear relation between the D-field and strain/stress:

D =Y dxox or D =Yexxx These equations describe the direct effect. The d and e
k k

coefficients are related to each other through the stiffness tensor CijE: d :eipcﬁk. The converse

effect is described by the same set of piezoelectric coefficients:

X; = %dki Ek or ogj :—EekiEk

In MEMS technology, most piezoelectric thin films are polycrystalline and the
piezoelectric effect is averaged over all the grains. In ferroelectric films, the net piezoelectric
effect is achieved by poling. It is conventional to assign the index 3 to this poling direction.

Thin film piezoelectrics are used in composite structures, where an underyling silicon,
Si0,, or Si,Ny support structure is often utilized to create a unimorph (See Fig. 2). In most cases,
the critical piezoelectric coefficient for piezoelectric MEMS structures is the es;; ¢ coefficient.
That is, the piezoelectric is electroded at the top and bottom surfaces, and the passive elastic
layer is used to amplify the deflection via flexural motion of the structure.

The input and output parameters for actuator and sensor applications of piezoelectric
laminated plates is schematically described in Fig. 2. In an actuator, application of a voltage
leads to a piezoelectric in-plane stress causing a deflection of the structure, whereas the
piezoelectric thin film is strained in the out-of-plane direction. In the sensor mode, in-plane
strains create the piezoelectric charges that record the deformation of the flexible structure. In
addition, the film is sensitive to out-of-plane stress (which also causes in-plane strain!). A
cantilever structure can be modelled by analytical methods [**"].) In the actuator mode, a
constant curvature is established at a given voltage. The deflection at the end of the beam is
proportional to the square of the beam length. Excursions of 10 to 20 pm with 500 pm long

beams have been obtained

M e [™].  More  complicated

e RSSS structures must be analyzed

_} rcontor | by means of finite element
water calculations [*].

Motivation There is a need to

Utilize high piezoelectric coefficient films for low voltage, high develop improved actuation

stroke actuation and biomedical transducers

approaches for MEMS in
order to decrease the required
drive voltages and increase
the response times of devices
without sacrificing the total
displacement. One approach
that enables this is the use of
piezoelectric actuation with
high piezoelectric coefficient
thin films, such as
PbZr0‘52Ti0‘4gO3 (PZT) For
example, in the field of rf switches, use of PZT thin film actuators enabled actuation voltages

Fig. 1: Penn State Piezoelectric MEMS




that average less than 10 volts, with switch operation demonstrated as low as 2 volts. The series
switch exhibited excellent isolation from DC up to 65 GHz with values better than 20 dB across
the frequency band and as large as 70 dB below 1 GHz (See Fig. 3).” 1In a piezoelectrically-
actuated switch for rf signals, the overall speed of the device is limited by the device size, with
smaller dimensions yielding higher resonance frequencies. However, since it is imperative that a
certain standoff be maintained, in order to maintain a good “on — off” ratio at high frequencies,
while the device must be laterally small, it should still be possible for a vertical gap (ideally of
several microns) to be maintained [*']. Further improvements in switching performance and
speed could be accomplished by increasing the piezoelectric coefficients of the films.

A second example of the use of piezoelectric films in MEMS is a high frequency, high
resolution ultrasound system that is currently under development at Penn State. High frequency
ultrasound (50 MHz-1 GHz) is useful in imaging tissues such as the prostate, eye or skin, or
organs as an endosurgical aid. Advances in ultrasound transducer technology will lead to
improvements in the accuracy of diagnostics of many skin diseases including blistering diseases,
diseases of skin appendages and hair diseases, benign and malignant skin tumors, investigation
of wound healing, skin atrophy, and cancer. Ultrasound minimizes the need for skin biopsy, has
no side effects, and provides an immediate conclusion without emotional and physical scarring.
At still higher frequencies, these devices should have sub-cellular resolution, and so will be
useful for tracking the behavior of unlabeled cells as a function of time. This, in turn, could be
quite useful by allowing clinicians to study the impact of different chemotherapeutic agents with
a particular cancer, potentially allowing tailored treatments to be achieved for each patient.

Use of

thin film
piezoelectrics
both enables
preparation of
array transducers
at these very high
frequencies, and
permits close-
coupling of the
electronics in a
CMOS platform.
The result is that
the entire
ultrasound system
(i.e. everything
but the display)

Actuator Tip Deflection (pum)

can be
miniaturized  to
Voltage (V) about 5 mm on a

Figure 3: Army Research Laboratory/Penn State piezoelectric actuated rf | Side (See Fig. 4).

switch using PZT films. This greatly
increases the




utility of the system for catheter applications. In addition, it enables either reduced wire count, or

\\\\\\\\\\\\\\

Fig. 4: First generation high frequency
ultrasound transducer and CMOS drive

completely wireless ultrasound systems.

The e3¢ coefficient of the PZT films
used in the switches, ultrasound transducers,
and the devices in Fig. 1 is about -6 to —7
C/m%, which is typical for well-processed,
randomly oriented films. However, it has
recently been reported that it is possible to

significantly increase the achievable

receive circuit developed at Penn State

piezoelectric coefficient of thin films. Thus,
this program was dedicated towards developing improved piezoelectric response in PZT thin
films, and in transitioning this knowledge to the Army Research Laboratory at Adelphi,
Maryland, where Ron Polcawich and Madan Dubey have been leading efforts to integrate
piezoelectric thin films into MEMS devices for DOD applications.

Morphotropic Phase Boundaries

The most widely utilized ferroelectric thin films for piezoelectric applications are based
on lead zirconate titanate (PZT). This system illustrates many of the important features of the
other ferroelectric compositions as well. The lead zirconate titanate phase diagram is dominated
by a rhombohedrally distorted ferroelectric region at low Zr contents, a tetragonal region at high
Ti concentrations, separated by a morphotropic phase boundary (MPB), with a sliver of
monoclinically distorted perovskite at lower temperatures near the MPB [*""']. In bulk ceramics,
maxima in the piezoelectric d and e coefficients are observed at the MPB. The same behavior is
often [*V!"¥%XXLE "yt not universally [**"**"V] reported in thin films (See Fig. 5).

It is critical to note, however, that the enhancement of the properties of PZT thin films at

the MPB is less strongly peaked than is the
behavior shown by bulk ceramics. It has
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Fig. 5: Composition dependence of the
relative piezoelectric response in PZT thin
films. Symbols are for e3) ¢ data, lines are for
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It was recently demonstrated by Muralt™" and others that most sol-gel approaches to PZT
films result in a Zr/T1 gradient for each crystallization step. The net result is that a small volume
fraction of the film is actually at the morphotropic phase boundary. This substantially decreases
the achievable piezoelectric coefficient. By simultaneously reducing the composition gradient in
the film and increasing the lateral grain size, they were able to prepare PZT films on Si with e3¢
coefficients of -17 to -18 C/m”. The approach they took to minimizing the concentration
gradient was to prepare four different PZT solutions with different Zr/Ti compositions, and
depositing them in a reverse order of the existing composition gradient. This approach, albeit
effective, is onerous. Consequently, work focused on an alternative approach.

A recent paper by Etin et al. suggests that one means of decreasing the concentration
gradient in PZT films is to switch to an alternative Zr precursor, zirconium acetyl acetonate.™"'
At Penn State, we prepared PZT films with averaged compositions at the morphotropic phase
boundary Zr:Ti = 52:48). The substrates used were commercially manufactured 375 um Si/1 pm
Si0,/200 A Ti/1500 A Pt (Nova Electronic Materials, Inc.). These Pt film are primarily (111)-
oriented. It was found that using the solution and film preparation conditions described in the
Etin paper, there was no significant improvement in the Zr:Ti composition gradients relative to
films prepared using Zr n-propoxide, as shown in Fig. 6. The net result was that there was no
significant improvement in any of the functional properties. Similarly, no significant property
improvement has been obtained to date either using an inverted mixing order process for the PZT
or through use of commercial solution sources (Mitsubishi Materials).

N
o

T T T T T T
— Zr(acac)
—— Zr(normal)

Significantly better results were
obtained using {001} oriented PZT films.
In order to prepare well oriented films, the
effect of the amount of lead excess,
pyrolysis temperature, and crystallization
temperature of the PbTiOs buffer layer, and
heating rate wused during the PZT
crystallization on the orientation achieved
were studied. The characterization of the
films is discussed in termed of morphology,
dielectric, and piezoelectric properties

(e31,0)-

[
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Fig. 6: Zr content as a function of depth of

Chemical Solution Deposited (CSD) PZT films

as measured by X-ray photoelectron

spectroscopy. Each sawtooth corresponds to
one crystallization step. A comparison is

PbTiO3 buffer layer study

The PbTiO; buffer layers were
chosen due to good lattice matching with
PZT film, and the strong propensity for
development of (001) orientation.™"!

shown for films prepared using Zr n-propoxide
(normal) and Zr acetylacetonate (acac)
precursors. No significant reduction in
composition gradient was found.

Ledermann et al."*) used 10 nm thick sputter
deposited {100} oriented PbTiO; seed
layers. Calame and Muralt ™" achieved
{100} oriented PZT films using a 20 nm
thick {100} oriented PbTiO; seed layer
deposited by a sol-gel technique. Kushida



et al.™™! demonstrated that the aging of the solution promotes (100) orientation of PbTiO; films
on Pt/Si substrate due to the change of molecular size in solution and polymerization. They also
studied the effect of substrate on the film orientation.

In an attempt to achieve high levels of orientation, a study of the orientation of PbTiOs
layers, with two different pyrolysis temperatures and three crystallization steps was undertaken.
First the PbTiO; films were pyrolyzed at 250°C for 1 min and pyrolyzed at 350°C or 400°C for 1
min. Thereafter, the PbTiO; films were crystallized at 535°C, 550°C, or 580°C for 1 min by
RTA. Figure 7 shows the XRD patterns of the resulting PZT films.

Pyrolysis: 350°C, RTA: 535°C

Pyrolysis: 350°C, RTA: 550°C
. |
rolysis: 350°C, RTA: 580°C

Ll g

Pyrolysis: 400°C, RTA: 535°C

Log Intensity

R R I R R
20 30 40 50 60

20 (degrees)

Figure 7: XRD of 30%PbTiO; buffer layers for difference pyrolysis and crystallization conditions

There is no significant difference in orientation for different pyrolysis and crystallization
temperatures; in all cases, high levels of {001} orientation were achieved. Therefore, this {001}
PbTiOs is suitable to use as a template layer for {001} textured PZT films. A second pyrolysis
temperature of 400°C for 1 min and crystallization temperature at 580°C was chosen for
subsequent buffer layer deposition.

PZT films on PbTiO3 buffer layer

After deposition of one layer of PbTiOs, PZT solution was spun onto the wafer at 1500
rpm for 30 sec, pyrolysed at 250°C and 400°C for 1 min and crystallized at 700°C for 1 min by
RTA (which is the standard PZT film process). The steps were repeated until the desired
thickness was achieved. Figure 8 shows XRD patterns of PZT films prepared in this manner
with and without PbTiO; layer. It is clear that the level of {001} orientation increases when the
orienting layer is used, however, a large (111) peak is still apparent. Therefore, the pyrolysis
condition was modified.
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Figure 8: XRD pattern of PZT film (a) standard process on PbTiO; buffer layer (b) standard process without
PbTiO; buffer layer

After PbTiOs buffer layer deposition, the 10% Pb excess PZT solution was spun onto the
wafer at 1500 rpm for 30 sec, pyrolyzed at 350°C for 20 sec. The spinning and pyrolysis steps
were repeated 4 times before crystallization. PZT films are crystallized at 650°C for 1 min by
RTA. The heating rates were varied from 10°C/sec to 65°C/sec.

Nova Substrate

()

-
b
65 °C/sec N

Ramtron Substrate

(b).

100
110
L-alpha 2
K-beta 1
111
Pt
111
200
60
10
alpha 2
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M
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Log Intensity
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Figure 9: XRD of PZT films with PbTiO; layer onto (a) Nova substrates (b) Ramtron substrates crystallized
with different heating rates

Figure 9 illustrates the XRD patterns of PZT films on PbTiO; layers as a function of the
heating rate used during crystallization. The results show that there is a little effect of heating
rate on orientation. In comparing the results shown in Figure 7 and Figure 8, it is obvious that
both the orienting layer and the pyrolysis conditions influence the degree of {100} orientation of
PZT films, while the heating rate during the RTA step does not. These data contrast with
previous reports that PZT films crystallized with high heating rates develop more (111)
orientation than those prepared using a low heating rate.™"! The buffer PbTiO; layer used
between the substrate and PZT films, should decrease heterogeneous nucleation of (111) oriented
grains from the substrate.”*! However, some (111) orientation is still present in the films, as is a
small volume fraction of pyrochlore. Future work will concentrate on preparing better-oriented
films with a minimum of second phase content.

Figure 10 shows the cross sections of 0.94 um thick PZT films on Nova and Ramtron
substrates, respectively. There is some columnar microstructure to the grains. The films are
dense and crack-free.



Figure 10: Cross section of PZT film onto (a) Nova substrate (b) Ramtron substrate

Electrical properties and piezoelectric coefficient

The electrical properties of the partially {001} oriented PZT films on Ramtron and Nova
substrates were characterized. For the Ramtron substrate, the dielectric constant is 1140 with tan
0 =3.39%, at 1 kHz. For the Nova substrate, the dielectric constant is 1060 with tan 6 = 2.3 %, at
1 kHz. Comparing to Ledermann et al., the dielectric constants of both films in this work are
higher than those of the reported PZT {100} 53/47, and the losses are lower.™*!

Figure 11 illustrates the hysteresis loops of partially {001} oriented PZT films on
Ramtron and Nova substrates, respectively. The P; and E. of PZT films are 18 uC/cm?, 43
kV/em and 22pC/em?, 49 kV/em, respectively. For equivalent levels of film texture, films with
lower remanent polarization values have lower es, . Docxii]
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Figure 11: Hysteresis loops of PZT film on buffer layer (a) Nova substrate (b) Ramtron substrate

The concentration of Pb in the PbTiOs layer was also changed both in an attempt to
reduce the amount of pyrochlore in the oriented films, and to understand the impact on the
degree of {001} orientation. The high volatility of lead can create locally Pb-depleted zones,
especially near the surface in Pb-based oxide thin films. The low lead content leads to formation
of a parasitic pyrochlore phase that degrades the electrical and electromechanical properties.

Figure 12 shows the result of 40% Pb-excess PbTiO; layers prepared with pyrolysis
temperatures of 250°C and 400°C for 1 min. There is no significant difference in orientation for
different crystallization temperatures and heating rates. In all cases, high levels of {001}



orientations were achieved. Therefore, the 40% Pb excess PbTiO; templates were used for PZT

film deposition.
3
T
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Figure 12: X-ray diffraction scans of 40% Pb excess PbTiO; layers
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Figure 13: PZT films on (a) 30% Pb excess buffer layer (b) 40% Pb excess buffer layer

The data from Figure 13 was used to estimate the quality of the PZT film orientation.
The degree of orientation was quantified using the Lotgering factor shown in Equation 1.

‘¢ (P-P?%
(1-P?)
(I100) + 1200

2 h)

P was used for the texture case and P for a random sample of the same composition. Higher
Lotgering factors correspond to improved {100} orientation.

where P =

Equation 1

It can be seen that the Lotgering factor of PZT films on 40% Pb excess PbTiO; layers is
higher than those on 30% Pb excess PbTiO; layers. However, all films have some amount of
pyrochlore phase in XRD pattern. Therefore, additional experiments to eliminate the pyrochlore
phase will be conducted in future work. Table 1 shows the electrical properties of PZT films on
30% and 40% PbTiOs buffer layers as a function of thickness. The results reveal that the

permittivity of the films drops below 0.65 pm in thickness.



Table 1: Electrical properties of PZT films on 30% and 40% Pb excess buffer layers

PZT films Permittivity tano (%) P, E.
(at 1 kHz) (at 1 kHz) (nC/ecm?) (kV/cm)

PZT on 30% Pb excess
0.94 um 1060 2.3 25 40
0.65 um 1060 4.8 17 58
0.31 um 290 1.8 40 226
PZT on 40% Pb excess
0.88 um 1050 4.9 18 50
0.48 um 790 3.8 18 73
0.31 um 330 1.4 37 279

® 30% Pb excess buffer
* 40% Pb excess buffer

* 0

8002 02 08 08 1.0
Thickness (um)

Figure 1: e3¢ of PZT films on 30% and 40% Pb
excess PbTiO; layers as a function of PZT
thickness

Figure 14 shows the values of e3¢ of
PZT on 30% and 40% buffer layers as a
function of thickness. For the whole range of
0.5 pm to 0.9 um thick films, the transverse
piezoelectric coefficient of -9 to -12 C/m” has
been achieved, which is consistent with data
from Ledermann et al. The es; ¢ values of the
thinnest samples are about -5 C/m?. It has to
be noted that for the thinner films, the poling
field was limited to 3 E. due to a lower
breakdown voltage.

The US Army Research Laboratory
(ARL), Adelphi, MD has been working with
Susan Trolier-McKinstry over the last 15
years in the area of piezoelectric MEMS
materials, devices and characterization. The
Penn State group developed a sol-gel

deposition approach for lead zirconate titanate (PZT) thin films that was successfully transferred
to ARL. On-going collaborations have resulted in the publication of five papers with joint
PSU/ARL authorship. We are currently working (under other funding) to transfer the technology

developed during this program to ARL.

Summary

Four different solution chemistries were studied to try and reduce composition gradients
in PZT films. It was found that none significantly reduced the Zr/Ti gradients and increased the
piezoelectric response. Thus, an alternative approach, entailing use of a PbTi10Os; orienting layer,
provided a doubling of the achieved piezoelectric response to e3; s =—12 C/m’.
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